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(57) ABSTRACT

A recerver includes a first oscillator supplying a reference
frequency signal; a reference signal generator producing a
first frequency conversion signal and a local calibration signal
from the reference frequency signal; a first frequency con-
verter responsive to the first frequency conversion signal to
down-convert the received signal during normal recerve
operation and to down-convert the local calibration signal
during calibration processing; a second frequency converter
responsive to a second frequency conversion signal from a
second oscillator to further down-convert the recerved signal
and the local calibration signal; a demodulator that demodu-
lates the recerved signal at a demodulation frequency; and a
frequency error processor that determines a frequency error
from the local calibration signal at the demodulation fre-
quency, wherein the reference signal generator adjusts a re-
quency of the first frequency conversion signal used during
normal recerve operation 1n response to the frequency error to
compensate for the frequency error.

27 Claims, 4 Drawing Sheets
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METHODS AND APPARATUS FOR
CALIBRATING OSCILLATORS IN A
RECEIVER

FIELD OF THE INVENTION

This application relates to oscillator calibration, and more
particularly, to methods and apparatus for calibrating one or
more low accuracy oscillators using a high accuracy oscilla-
tor in RF receivers and the like.

BACKGROUND

Heterodyne types of radio receivers use multiple oscillator
frequencies to convert mcoming RF signals from the RF
carrier frequency to a lower frequency at which demodulation
1s performed. In this process, the signal may be down-con-
verted from RF to one or more intermediate frequencies (IFs)
before being demodulated. The demodulation can be per-
formed at an IF frequency (e.g., 455 kHz, 10.7 MHz, etc.) or
at a baseband frequency using the I-Q complex representation
of the signal. The overall recerver stability 1s a function of the
sum of the stabilities of all oscillators used 1n the frequency
CONversions.

Ideally, the conversion frequencies should be synthesized
from a single, high-accuracy oscillator. However, this 1s not
always the most cost-efiective approach where low recerver
cost 1s a requirement. Even where a high-accuracy oscillator
1s used for down-converting from RF to IF, system require-
ments or design considerations may dictate the use of certain
frequencies for subsequent down-conversion stages that can-
not be derived from the high-accuracy oscillator. For
example, the frequencies of intermodulation products result-
ing from down conversion may rule out use of certain fre-
quencies or combinations of frequencies 1n the down conver-
sion scheme. Another factor 1n selecting conversion
frequencies 1s the availability of off-the-shelf components at
certain frequencies. Where the down-conversion frequencies
cannot all be derived from a single oscillator, cost consider-
ations may prohibit the use of additional high accuracy oscil-
lators at these other frequencies. Consequently, many lower-
cost designs use one or more inexpensive crystal oscillators
for the lower oscillator frequencies, where the frequency
error introduced by the oscillator will be less. Because manu-
facturers specity the stability of crystal oscillators 1n parts-
per-million (or ppm), lower crystal frequencies introduce less
total frequency error.

One drawback of current designs that employ lower-cost
oscillators 1s that these oscillators degrade receiver perfor-
mance. A typical tradeoil 1s to increase recerver bandwidth to
accommodate frequency errors introduced by the lower accu-
racy oscillators. A wider bandwidth helps to ensure that
down-converted signals remain within the receiwver band-
width despite being offset from the center of the band as a
consequence of oscillator-induced frequency errors. How-
ever, increased bandwidth decreases receiver performance
with weak signals and rejection of adjacent channel interter-
ence. In some cases, 1f the frequency error 1s too large, the
receiver phase demodulators may not even work. Accord-
ingly, there remains a need for receiver designs and tech-
niques that minimizing frequency errors mtroduced by low
accuracy oscillators 1n RF recervers such as radio recervers.

SUMMARY OF THE INVENTION

According to a first aspect of the mvention, a receiver
includes a reference signal generator having a first oscillator,
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a first frequency converter such as a mixer, a second Ire-
quency converter and oscillator, a demodulator, and a fre-
quency error processor. The reference signal generator pro-
duces a first frequency conversion signal and a local
calibration signal from a reference frequency signal supplied
by the first oscillator. Using the first frequency conversion
signal, the first frequency converter down-converts received
signals during normal receive operation and down-converts
the local calibration signal during calibration processing. The
local calibration signal can be a harmonic of the reference
frequency signal. A harmonic filter can be used to filter out the
reference frequency signal and all but the harmonic to be used
as the local calibration signal.

Using a second frequency conversion signal from the sec-
ond oscillator, the second frequency converter further down-
converts recerved signals during normal receitve operation
and further down-converts the local calibration signal during
calibration processing. The second oscillator has a lower
accuracy than the first oscillator; consequently, the second
down-conversion introduces significant frequency error into
down-converted signals.

During normal recetve operation, the demodulator
demodulates received signals at a demodulation frequency
(e.g., a baseband or intermediate frequency). During calibra-
tion processing, the frequency error processor recetves the
local calibration signal at the demodulation frequency and
determines the frequency error from the local calibration
signal. The harmonic used as the calibration signal may be on
a recetve frequency not used for normal communications. In
general, this 1s desired, because any harmonic leak-through
would otherwise interfere with the recerved signal during
normal operation. Based on the measured frequency error, the
reference signal generator adjusts the first frequency conver-
s1on signal used during normal recerve operation to compen-
sate for the frequency error. Specifically, the reference signal
generator can include a frequency synthesizer that generates
the first frequency conversion signal used during normal
receive operation based on the reference frequency signal and
a signal from the frequency error processor indicative of the
frequency error.

During calibration processing, the receiver 1s 1solated from
external signals by disconnecting the antenna from the
receiver and, optionally, by de-tuming the RF amplifier to a
frequency different from the local calibration signal. Essen-
tially, a set of switches can be used to supply either signals
from the antenna (during normal receive operation) or the
local calibration signal (during calibration processing) to the
receiver.

During calibration processing, the reference signal genera-
tor adjusts the first frequency conversion signal such that the
frequency of the down-converted local calibration signal 1s
centered 1n the IF passband. In this manner, any measured
frequency error can be attributed to the second oscillator.
According to one option, the frequency error processor can
determine the frequency error from the inphase (I) and
quadrature (Q) samples of the local calibration signal,
wherein the magnitude of the frequency error 1s determined
from the rate of phase rotation computed from the arctangent
of (Q/I), and the sign of the frequency error 1s determined
from the direction of phase rotation. In this manner, the fre-
quency error can be measured to an accuracy of a partial cycle
at the demodulation frequency. According to another option,
the frequency error can be determined from a control signal
generated by a phase lock loop (PLL) type demodulator. In
this case, the voltage that controls the voltage controlled
oscillator (VCO) 1n the PLL has a nominal value that sets the
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frequency of the VCO. The measured error 1s a function of the
difference between the actual voltage at calibration and the
nominal voltage.

The recerver can include a plurality of down-conversion
stages and a plurality of lower accuracy oscillators that supply
the frequency conversion signals to the respective mixers of
these stages. In this case, the measured frequency error 1s a
composite frequency error resulting from frequency errors
caused by the plurality of lower accuracy oscillators, and the
reference signal generator adjusts the frequency of the first
frequency conversion signal used during normal receive
operation to compensate for the composite frequency error.

In accordance with another aspect of the mvention, 1n a
receiver employing a reference oscillator and a lower accu-
racy oscillator, a method for calibrating oscillator frequency
to compensate for a frequency error caused by the lower
accuracy oscillator includes 1solating the receiver from exter-
nal signals; generating a local calibration signal from a ref-
erence Irequency signal supplied by the reference oscillator;
down-converting the frequency of the local calibration signal
in accordance with a first frequency conversion signal gener-
ated from the reference frequency signal; further down-con-
verting the frequency of the local calibration signal 1n accor-
dance with a second frequency conversion signal generated
by the lower accuracy oscillator; measuring the frequency
error from the local calibration signal at a demodulation fre-
quency; and adjusting a frequency of the first frequency con-
version signal used for subsequent reception of external sig-
nals to compensate for the frequency error.

The above and still further objects, features and advantages
of the present invention will become apparent upon consid-
cration of the following definitions, descriptions and descrip-
tive figures of specific embodiments thereof wherein like
reference numerals 1n the various figures are utilized to des-
ignate like components. While these descriptions go into
specific details of the mvention, 1t should be understood that
variations may and do exist and would be apparent to those
skilled 1n the art based on the descriptions herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a functional block diagram of relevant compo-
nents of an RF recerver having a single mtermediate ire-
quency (IF) and illustrating the concept of using a harmonic
of a high accuracy oscillator as a local input calibration signal
to calibrate a lower accuracy oscillator.

FIG. 2 1s a flow chart illustrating operations performed to
calibrate the receiver of FIG. 1 to compensate for frequency
errors caused by a lower accuracy oscillator.

FIG. 3 1s a functional block diagram of an RF receiver in
which calibration 1s performed to compensate for frequency
errors caused by plural lower accuracy oscillators used 1n
plural IF stages.

FIG. 4 1s a functional block diagram of an RF receiver
having a phase lock loop (PLL) type demodulator in which a
voltage-controlled oscillator (VCO) control signal 1s used to
measure frequency error 1 the oscillator calibration process.

DETAILED DESCRIPTION

According to the mnvention, a harmonic of a signal gener-
ated by a high accuracy oscillator of a recetver can be used as
a local calibration signal to correct for frequency errors
caused by a lower accuracy oscillator operating in the
receiver. The recerver can be calibrated to this known-ire-
quency signal by measuring the frequency error present at the
demodulator. With an I-Q type demodulator, the measured
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frequency error can be calculated by measuring the phase
rotation versus time. This measured error can then be used to
correct the tune frequency for all recerver channels. As
described herein in greater detail, the techniques of the
present invention can also be applied in other types of
demodulators and the frequency error can be measured 1n
different manners.

Referring to FIG. 1, a heterodyne recerver 10 having a
single imtermediate frequency (IF) 1s used to illustrate the
concept of the invention. It will be understood, however, that
the mvention 1s not limited to recervers with a single IF stage
and 1s equally applicable to receivers with multiple IF stages.
Further, the invention 1s not limited to receivers in which
demodulation occurs at baseband and 1s equally applicable 1n
system employing IF demodulation. During normal receive
operation, a switch 12 1n the path between an antenna 14 and
an RF amplifier 16 1s closed, permitting incoming RF signals
intercepted by antenna 14 to be recerved by RF amplifier 16.
As used herein, the terms “switch” refers to virtually any
mechanism that selectively passes or blocks a signal traveling
along a path, including any of a variety of mechanical and
clectronic devices suitable for use in a recerver. The amplified
RF signal produced by RF amplifier 16 1s supplied to a first
frequency converter 18 (e.g., a first mixer), which down-
converts the RF carrier frequency to an IF frequency using a
first frequency conversion signal supplied by a reference sig-
nal generator 20. The IF signal generated by first mixer 18 1s
essentially a difference signal between the incoming RF sig-
nal and the first frequency conversion signal. After amplifi-
cation by an IF amplifier 22, the resulting IF signal 1s supplied
to a second frequency converter 24 (e.g., a second mixer)
which down-converts the IF signal to baseband using a sec-
ond frequency conversion signal supplied by a lower accu-
racy oscillator 26. In this example, second mixer 24 performs
complex mixing to generate inphase (I) and quadrature (Q)
signals which are processed by baseband I & (Q processor 28
to produce I and Q baseband output signals. Baseband I & Q)
processor 28 can include, for example, two low pass filters for
the respective 1 and QQ signals and, optionally, analog-to-
digital (A/D) converters. The I and QQ outputs can be used for
demodulating most types of modulation and, under normal
receive operation, are processed by a demodulator 30 to
recover the information contained 1n the received signal.

Reference signal generator 20 includes a high accuracy
reference oscillator 32 and a frequency synthesizer 34 that
receives a relerence frequency signal from high accuracy
reference oscillator 32 and generates the first frequency con-
version signal that 1s supplied to first mixer 18. Frequency
synthesizer 34 1s essentially capable of making frequency
adjustments to the reference frequency signal using, for
example, a software-controlled process. Reference oscillator
32 also supplies the reference frequency signal, including all
of 1its harmonics, to a harmonic filter 36 that passes a selected
harmonic of the reference frequency signal to first mixer 18
via a path containing a switch 38, while filtering out the
reference frequency signal and the other harmonics. This
harmonic of the reference frequency signal serves as a local
calibration signal during calibration processing. During nor-
mal receive operation, switch 38 remains open such that the
harmonic signal 1s not supplied to first mixer 18. It should be
understood that inclusion of the reference oscillator, fre-
quency synthesizer, and harmonic filter within a “reference
signal generator” 1s merely a conceptual representation for
explaining the ivention, and the mvention does not require
particular operations to be performed or signals to be gener-
ated by any specific architecture or hardware configuration.
The principal point of the reference signal generator repre-
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sentation 1s that both the first frequency conversion signal and
the local calibration signal are derived 1n some manner from
the reference frequency signal supplied by the high accuracy
reference oscillator. In practice, the operations performed and
hardware/software used to generate the first frequency con-
version signal from the reference frequency signal can be
integrated with or separate from those associated with gener-
ating the local calibration signal from the reference frequency
signal.

High accuracy reference oscillator 32 is preferably a very
stable oscillator, such as a temperature controlled crystal
oscillator (TCXO) having an accuracy on the order of 2 parts
per million (ppm) or better. More generally, however, the high
accuracy reference oscillator can have any accuracy that 1s
suificient to ensure acceptable recetver performance, and as
used herein terms such as “high accuracy oscillator,” “higher
accuracy oscillator,” “high accuracy reference oscillator,” and
“reference oscillator” refer to an oscillator having an accu-
racy greater than a lower accuracy oscillator of the recerver.
By way of a non-limiting example, the lower accuracy oscil-
lator 26 can have an accuracy on the order of 50 ppm. How-
ever, the lower accuracy oscillator 1s not limited to any par-
ticular accuracy, and as used herein, the terms “low accuracy
oscillator” and “lower accuracy oscillator” refer to an oscil-
lator having an accuracy less than the reference (high or
higher) accuracy oscillator of the receiver. Typically, the ret-
erence oscillator 1s more accurate than the lower accuracy
oscillator by about an order of magnitude or more.

Oscillator error can be characterized as having a compo-
nent due to a fixed oflset relative to anominal frequency value
and a drift component that varies over time, principally due to
changes 1n temperature. By way of a non-limiting example,
an oscillator having an accuracy of 50 ppm may specily an
accuracy ol 20 ppm for the fixed frequency error and an
accuracy ol 30 ppm attributable to temperature driit. The drit
component of the frequency error generally requires that
calibration be performed repeatedly during operation of the
receiver. At typical IF frequencies, such mmaccuracies would
result in frequency errors on the order of a few kilohertz (e.g.,
2 kHz or so) which would typically be well within the IF
bandwidth.

The flow chart of FIG. 2 illustrates the operations per-
tormed 1n the calibration process carried out in the exemplary
receiver shown 1n FIG. 1. When calibration 1s to be per-
formed, switch 12 1s opened (operation 50), thereby prevent-
ing external signals at antenna 14 from reaching RF amplifier
16 and first mixer 18 and interfering with the calibration
process. In operation 54, switch 38 1s closed such that the
harmonic selected by harmonic filter 36 1s supplied to first
mixer 18 to itroduce a known, locally-generated, unmodu-
lated calibration signal into the receive path (i.e., this calibra-
tion signal retlects the accuracy of the reference oscillator).

Referring again to FIG. 1, note that the local calibration
signal (1.¢., the harmonic of the reference frequency signal) 1s
supplied to first mixer 18 via a connection that 1s downstream
of RF amplifier 16, and does not pass through RF amplifier
16. As shown 1n FIG. 1, the calibration signal essentially can
be supplied directly to first mixer 18. Introducing the local
calibration signal into the recerver signal path downstream of
the RF amplifier 1s preferable to introducing the calibration
signal upstream ofthe RF amplifier (e.g., as would be the case
with a remotely-generated or external calibration signal),
because substantially better 1solation from external signal can
be achieved, resulting 1s significantly less interference with
the calibration signal.

Specifically, even with antenna 14 disconnected from RF
amplifier 16 (switch 12 open), the isolation between the
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antenna and the RF amplifier may not be suificient to avoid an
unwanted level of interference during calibration (e.g., 1sola-
tion may be on the order of 30 dB). To achieve better 1solation
during calibration, in operation 52 shown 1n FIG. 2, the RF
amplifier can be electronically de-tuned to a frequency that 1s
significantly different from the frequency of the harmonic
signal used as the calibration signal, such that any signals
passed downstream by RF amplifier 16 do not interfere with
the calibration signal. For example, with a 12.8 MHz refer-
ence oscillator, the third harmonic at 38.4 MHz can be used as
the calibration signal, since this frequency may be near the
operating RF frequency of the receiver used during normal
receive operation and therefore compatible with the down-
conversion frequencies that can be generated by the ire-
quency synthesizer to produce a signal in the center of the IF
passband. To avoid interference and achieve better 1solation,
the filters 1n the RF amplifier (e.g., passband filters) can be
de-tuned during calibration to a frequency of 30.0 MHz,
which results 1n very little interference with the 38.4 MHz
calibration signal (e.g., 1solation may be on the order of 100
dB or more). The additional 1solation achieved by de-tuning
the RF amplifier 1s possible only i1 the calibration signal 1s
generated locally and 1s itroduced downstream of the RF
amplifier, such that the calibration signal does not pass
through the RF amplifier.

During calibration, frequency synthesizer 34 1s tuned to
generate a frequency conversion signal (operation 36) that
will produce an IF difference signal in the center of the IF
passband when mixed with the calibration signal from har-
monic filter 36 (operation 58). In other words, the tune fre-
quency of firstmixer 18 1s adjusted so that first mixer 18 down
converts the harmonic signal to the center of the IF passband.
Typically, the frequency of the reference frequency signal
generated by the reference oscillator 1s chosen such that har-
monics of the reference frequency do not fall in the receiver
channel, because the harmonics cause interference. Conse-
quently, by design, the harmonics of the reference frequency
signal, including the harmonic used for calibration, typically
would not be directly 1n the receiver channel. Thus, re-tuning
of frequency synthesizer 34 may be required during calibra-
tion to produce the desired IF signal when mixed with the
calibration signal (1.¢., the frequency conversion signal used
during calibration will not, 1n general, be at the same fre-
quency as the frequency conversion signal used to down-
convert incoming RF signals during normal receirve opera-
tion). However, the frequency of the harmonic signal 1s
preferably selected to be near the normal RF operating ire-
quency ol the receiver so that any required re-tuning of fre-
quency synthesizer during calibration 1s within the operating
range of the frequency synthesizer.

As previously explained, the frequency to which the filters
of the RF amplifier are de-tuned should be selected to be
offset from the frequency of the calibration signal. The extent
to which de-tuning of the RF amplifier improves 1solation
depends on the difference in frequency between the harmonic
signal and the frequency of the RF channel to which the RF
amplifier 1s normally tuned. If the harmonic frequency used
for calibration 1s well outside the RF channel, de-tuning may
still be beneficial but could be optional (as indicated by the
dashed lines 1 FIG. 2), depending on the level of 1solation
required for accurate calibration.

Referring again to FIG. 2, 1n operation 60, complex mixer
24 down converts the IF calibration signal to baseband using
the frequency conversion signal from lower accuracy oscilla-
tor 26, thereby introducing significant frequency error into
the calibration signal at the demodulation frequency (1n this
example, the baseband frequency). According to the scheme
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shown 1n FIG. 1, during calibration, the frequencies of the
harmonic supplied by harmonic filter 36 and the frequency
conversion signal generated by frequency synthesizer 34 are
selected such that the difference signal produced by first
mixer 18 falls 1in the center of the IF passband to within the
accuracy that can be achieved with high accuracy oscillator
32. Given that high accuracy reference oscillator 32 1s sub-
stantially more accurate than lower accuracy oscillator 26, 1t
can be assumed for purposes of calibration that the down-
converted IF calibration signal 1s indeed at the center of the IF
passband. Consequently, any frequency error observed at the
demodulator can be attributed to lower accuracy oscillator 26.
That 1s, the frequency conversion signal supplied by lower
accuracy oscillator 26 to second mixer 24 1s offset by some
frequency error relative to a nominal frequency that oscillator
26 1s supposed to produce to keep received signals in the
center of the recerver channel.

If all of the oscillators used for frequency conversion 1n a
receiver were perfectly accurate, the frequency of the down-
converted signal arriving at the demodulator (e.g., the I and
signals 1n a baseband I-Q) type demodulator) would be pre-
cisely equal to a predetermined demodulation frequency, and
a sequence of samples of the down-converted signal would
have a fixed phase relative to a reference signal at the prede-
termined demodulation frequency (1.e., there would be no
phase rotation of the down-converted signal over time relative
to a reference baseband frequency signal). Any frequency
error 1n the down-converted signal would result in a phase
rotation relative to the reference signal, with the rate of the
phase rotation indicating the magmtude of the frequency
error and the direction of phase rotation indicating whether
the frequency of the down-converted signal 1s higher or lower
than the predetermined demodulation frequency.

In the configuration shown 1n FIG. 1, the I and Q signals are
demodulated at baseband during normal receive operation.
During calibration, these I and Q signals represent the
unmodulated local calibration signal down-converted to
baseband and can be used to compute an instantaneous phase
of the calibration signal 1n the aforementioned manner. Refer-
ring again to FIG. 2, 1n operation 62, the I and Q signals are
supplied to a frequency error processor 40 (FIG. 1) which
computes the frequency error at the demodulation frequency
(in this example, at baseband). Specifically, the frequency
error 1s determined using the relationship that phase 1s the
arctangent of (QQ/I). This version of the arctangent function
(sometimes called, ATAN2) can be defined from -180
degrees to +180 degrees. 11 the phase rotates with time (1.e.,
with successive mstantaneous samples of I and Q), then the
average rate of rotation (change 1n phase/time) can be used to
compute the magnmitude of the frequency error introduced by
the lower accuracy oscillator. The direction of the phase rota-
tion indicates whether the frequency of the frequency conver-
sion signal generated by the lower accuracy oscillator fre-
quency 1s higher or lower than 1ts nominal value.

Preferably, the I and Q signals are sampled at a rate that
yields a number of samples per cycle, such that the rate of
phase rotation 1s easily discernable. Given that phase rotation
angles are defined between £180°, if the phase rotates more
than approximately 120° between successive sample, there 1s
low confidence that the measurements are reliable. In this
case, 1t 1s assumed the measurements are noisy or €Xcessive
interference 1s present, the results of the calibration are
ignored, and another calibration attempt 1s made at a later
time.

The foregoing technique for measuring frequency error
advantageously permits measurement of both whole and par-
tial cycles of frequency error (1.e., the frequency error 1s
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measured with a granularity and accuracy of less than a single
cycle at the demodulation frequency). By contrast, 11 a simple
frequency counter 1s used to measure frequency error, the
frequency counter would count zero 1n response to a 1 cycle
error 1f its time base were less than one second 1n which to
perform the frequency measurement. In the case of the inven-
tion, 1f samples of the I and Q signals are taken every 10 ms,
then a 1 cycle error manifests itself as a 0.01 cycle rotation. By
dividing the 0.01 cycle error by the 0.01 second time base, an
error of 1 Hz 1s measured, with the direction of rotation
providing the sign of the frequency error. Thus, the frequency
error measurement technique employed 1n the I-Q signal
embodiment of the mvention permits measurements to be
made very quickly using a small time base without sacrificing
measurement accuracy. To accurately measure very small
fractions of cycle error, a high signal-to-noise ratio 1is
required, which 1s possible with the aforementioned tech-
niques for1solating the recerver from the antenna and external
signal (e.g., disconnecting the antenna and de-tuning the RF
amplifier).

I1 the frequency error (magnitude and direction) 1s success-
tully determined from the down-converted calibration signal,
the computed frequency error 1s supplied from frequency
error processor 40 to frequency synthesizer 34, which adjusts
the first frequency conversion signal supplied to first mixer 18
during normal receive operation to compensate for the fre-
quency error (operation 64 1n FIG. 2). In other words, ire-
quency synthesizer 34 1s re-tuned during subsequent normal
receive operation to slightly adjust the frequency of the high-
accuracy reference signal from high accuracy oscillator 32 1n
a manner that ofIsets or corrects for the frequency error 1intro-
duced downstream by lower accuracy oscillator 26.

Note that by oflsetting the frequency of the first frequency
conversion signal (RF to IF) to compensate for frequency
errors 1n the lower-accuracy second Irequency conversion
signal (IF to baseband 1n this example), incoming signals
down converted to IF during normal receive operation are not
quite centered 1n the IF passband (the IF 1s not required to be
re-tuned 1n the calibration process). Consequently, the IF
passband should be designed to be broad enough to accom-
modate the signal bandwidth plus any frequency shiits
required to compensate for the maximum expected lower-
accuracy oscillator errors. As previously noted, widening of
the recerver bandwidth beyond the bandwidth of the signals to
be recerved 1n order to account for frequency errors increases
noise and interference. Advantageously, however, since the
described system compensates for frequency errors such that
no significant frequency error 1s present at the demodulation
frequency (1n this example, at baseband), the bandwidth at the
demodulation frequency can be substantially equal to the
bandwidth of the signal, such that no signal-to-noise ratio
penalty 1s incurred 1n the system.

In the exemplary embodiment shown in FIG. 1, a single
lower accuracy oscillator 1s used 1n a single IF stage to down-
convert signals from IF to baseband. However, the invention
1s not limited to receivers having a single IF stage or a single
low-accuracy frequency conversion oscillator. More gener-
ally, the invention can be used to perform frequency calibra-
tion 1n receivers having multiple frequency conversion stages
and multiple lower accuracy oscillators. An example of the
invention in the context of a receiver including two IF down-
conversion stages, each employing a lower accuracy oscilla-
tor, 1s 1llustrated 1n FIG. 3. Receiver 100 includes a switch
112, an antenna 114, an RF amplifier 116, a first frequency
converter 118, a reference signal generator 120, a high accu-
racy reference oscillator 132, a frequency synthesizer 134, a
harmonic filter 136, a switch 138, baseband I & Q processor
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128, a demodulator 130, and a frequency error processor 140,
all of which operate 1n a manner substantially similar to the
corresponding elements shown 1 FIG. 1, although possibly
at different frequencies.

Unlike the receiver shown in FIG. 1, which includes a 5
single IF stage, recetver 100 shown 1n FIG. 3 includes: a first
IF stage comprising a first IF amplifier 122, a first lower
accuracy oscillator 126, and a second frequency converter
124 (1.e., a first IF down-conversion mixer); and a second IF
stage comprising a second IF amplifier 142, a second lower 10
accuracy oscillator 146, and a third frequency converter 144
(1.e., a second IF down-conversion mixer). After amplifica-
tion by first IF amplifier 122, the resulting IF signal 1s sup-
plied to the first IF mixer 124 which down-converts the IF
signal to a lower IF frequency using a frequency conversion 15
signal supplied by first lower accuracy oscillator 126. The
resulting IF signal 1s then again amplified by second IF ampli-
fier 142 and frequency converted to baseband by second IF
mixer 144 using a frequency conversion signal from second
lower accuracy oscillator 146. In this example, mixer 144 20
performs complex mixing to generate inphase (1) and quadra-
ture (Q) signals which are processed by baseband 1 & Q)
processor 128 to produce I and Q baseband output signals. By
way ol non-limiting example, mixer 118 could down-convert
an RF signal to 12.5 MHz, the first IF mixer 124 could 25
down-convert the 12.5 MHz signal to 455 kHz, and the sec-
ond IF mixer 144 could down-convert the 455 kHz signal to
baseband. Note that 1t 1s not necessarily the case that every
down-conversion stage will require another lower accuracy
oscillator, since combinations of down-conversion frequen- 30
cies may exist where one or more of the lower conversion
frequencies can be dertved from the high accuracy reference
oscillator used to generate the RF-to-IF frequency conversion
signal.

When there are multiple frequency conversions in the 35
recerver after the initial RF down conversion, as in the con-
figuration shown 1n FIG. 3, the measured frequency error 1s
the composite frequency error from the lower accuracy oscil-
lators. For example, both the first and second lower accuracy
oscillators 126 and 146 shown 1n FIG. 3 mtroduce frequency 40
errors. The frequency errors cause by both of these oscillators
can be eliminated by measuring the rate and direction of
phase rotation of the calibration signal at baseband (1.e., the I
and Q signals) and then adjusting frequency synthesizer 134
to compensate for the error. The frequency error measured by 45
frequency error processor 140 reflects the composite fre-
quency error caused by the two lower accuracy oscillators 1n
combination without regard to the particular frequency errors
contributed by the individual oscillators. Likewise, the
adjustment made to frequency synthesizer to produce a down- 50
conversion mixing frequency that compensates for the mea-
sured composite frequency error does not take mto account
the frequency errors introduced by the individual lower accu-
racy oscillators but rather compensates for the composite
frequency error from these oscillators as a whole. Thus, by 55
adjusting a single frequency used for down-converting from
RF, the errors introduced by multiple oscillators can be elimi-
nated. Note that 1t 1s not important to eliminate frequency
errors at each of the intermediate stages but rather to ensure
that the composite frequency error i1s eliminated at the 60
demodulation frequency. In this manner, the recerver band-
width at the demodulation frequency can be set approxi-
mately to the bandwidth of the recerved signals so that no
noise or mterference penalty 1s incurred when recerving sig-
nals. At the mtermediate frequency conversion stages, the 65
only consideration regarding frequency errors 1s whether the
signal remains within the receiver passband; thus, the IF
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passbands must be wide enough to account for the signal
bandwidth and the maximum possible composite frequency
CITOr.

In the foregoing examples, the demodulation frequency at
which the frequency error 1s determined 1s a baseband fre-
quency, and the frequency error 1s computed using the I and Q
samples of the baseband calibration signal. However, the
invention 1s not limited to receivers employing baseband
demodulation or the use of I and QQ samples to determine the
frequency error. More generally, the techniques of the mnven-
tion can be applied at any demodulation frequency, and a
variety of schemes can be employed to determine the fre-
quency error.

FIG. 4 1llustrates another embodiment of the invention 1n
which a receiver 200 demodulates signals at an IF frequency
using a phase lock loop (PLL) demodulator. Recerver 200
includes a switch 212, an antenna 214, an RF amplifier 216, a
first frequency converter 218 (e.g., a first mixer), a reference
signal generator 220, a high accuracy reference oscillator
232, a frequency synthesizer 234, a harmonic filter 236, a
switch 238, an IF amplifier 222, a second frequency converter
224 (e.g., a second mixer), and a lower accuracy oscillator
226, all of which operate 1n a manner substantially similar to
the corresponding elements shown 1n FIG. 1, although pos-
sibly at different frequencies. PLL demodulator 228 gener-
ates DC offset drive voltage for controlling the frequency of a
voltage controlled oscillator (VCO) with the PLL. When the
calibration signal 1s supplied to the PLL demodulator during
calibration, this VCO drive voltage reflects the frequency
error 1ntroduced by lower accuracy oscillator 226. Accord-
ingly, the VCO drive voltage can be supplied to frequency
error processor 240, which responds by producing a corre-
sponding signal to adjust the frequency of the RF frequency
conversion signal supplied to first mixer 218 to compensate
for the frequency error during subsequent normal receive
operation.

The techniques of the invention are particularly usetul 1n
receiver devices 1 which at least one low-cost and relatively
inaccuracy oscillator 1s used; however, the invention 1s appli-
cable 1n virtually any recerver having two or more oscillators,
wherein at least one oscillator 1s less accurate than another
oscillator. Examples of low-cost, higher performance radio
systems 1n which the invention would be useful include:
SINCGARS, BOWMAN, SLICE, JTRS, and handheld
radios. More generally, the invention can be employed in
receivers 1n virtually any communication device or radio that
receives transmitted signals and performs frequency conver-
s10n 1n the course of processing such recerved signals includ-
ing, but not limited to: mobile and stationary communication
devices; terrestrial, airborne, and space-based communica-
tion devices; navigational devices such as GPS equipment;
communication devices including two-way radios, wireless
telephony, and multimedia devices capable of receiving
audio, video and/or data information; and devices that receive
signals but do not necessarily transmit signals. Further, while
particular frequencies are mentioned herein in the context of
an exemplary embodiment, 1t will be understood that the
invention 1s not limited to any particular frequencies.

Having described preferred embodiments of new and
improved methods and apparatus for calibrating oscillators 1n
a recelver, 1t 1s believed that other modifications, variations
and changes will be suggested to those skilled 1n the art 1n
view of the teachings set forth herein. It i1s therefore to be
understood that all such wvariations, modifications and
changes are believed to fall within the scope of the present
invention as defined by the appended claims and their equiva-
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lents. Although specific terms are employed herein, they are
used 1n a generic and descriptive sense only and not for
purposes of limitation.

What 1s claimed 1s:

1. A recerver, comprising:

a reference signal generator comprising a first oscillator
supplying a reference frequency signal, the reference
signal generator producing both a first frequency con-
version signal and a local calibration signal from the
reference frequency signal, wherein the local calibration
signal 1s generated from a harmonic of the reference
frequency signal;

a first frequency converter responsive to the first frequency
conversion signal to down-convert a frequency of a
received signal during normal receirve operation and to
down-convert a frequency of the local calibration signal
from the reference signal generator using the first fre-
quency conversion signal from the reference signal gen-
crator during calibration processing;

a first switch in a path between an antenna and the recerver;

a second switch 1n a path between the reference signal
generator and the first frequency converter, wherein the
first switch 1s closed and the second switch 1s open
during normal receive operation such that the recerved
signal 1s supplied to the first frequency converter, and the
first switch 1s open and the second switch 1s closed
during calibration processing such that the local calibra-
tion signal 1s supplied to the first frequency converter;

a second oscillator having a lower accuracy than the first
oscillator, the second oscillator generating a second fre-
quency conversion signal;

a second frequency converter responsive to the second
frequency conversion signal to further down-convert the
frequency of the recerved signal during normal receive

operation and to further down-convert the frequency of
the local calibration signal during calibration process-
Ing;

a demodulator configured to demodulate the received sig-
nal at a demodulation frequency during normal receive
operation; and

a Irequency error processor configured to determine a fre-
quency error from the local calibration signal at the
demodulation frequency during calibration processing,
wherein the reference signal generator adjusts a ire-
quency of the first frequency conversion signal used
during normal recerve operation 1n response to the fre-
quency error to compensate for the frequency error,
wherein adjusting the frequency of the first frequency
conversion signal compensates for frequency errors
introduced by the second oscillator.

2. The recetver of claim 1, wherein, during calibration
processing, the reference signal generator adjusts the first
frequency conversion signal such that the frequency of the
down-convened local calibration signal 1s centered in an
intermediate frequency (IF) passband.

3. The recerver of claim 1, wherein the reference signal
generator further comprises a frequency synthesizer that gen-
erates the first frequency conversion signal used during nor-
mal receive operation 1n response to the reference frequency
signal and a signal from the frequency error processor indica-
tive of the frequency error.

4. The recerver of claim 1, further comprising a harmonic
filter configured to recerve the reference frequency signal and
harmonics thereof and to generate the local calibration signal
from a harmonic of the reference frequency signal.

5. The recerver of claim 1, wherein the receiver 1s 1solated
from external signals during calibration processing.
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6. The recerver of claim 5, wherein the receiver 1s 1solated
from external signals by disconnecting an antenna from the
receiver during calibration processing.

7. The receiver of claim S, further comprising an RF ampli-
fier that supplies the received signal to the first frequency
converter during normal receive operation, wherein the
receiver 1s 1solated from external signals during calibration
processing by de-tuning the RF amplifier to a frequency dii-
terent from the frequency of the local calibration signal.

8. The recerver of claim 1, wherein the demodulation fre-
quency 1s a baseband frequency.

9. The receiver of claim 1, the frequency error processor
determines the frequency error from phase (1) and quadra-
ture (Q) samples of the local calibration signal.

10. The receiver of claim 9, wherein the magnitude of the
frequency error 1s determined from a rate of phase rotation
computed from the arctangent of ((Q/1), and a sign of the
frequency error 1s determined from a direction of phase rota-
tion.

11. The receiver of claim 1, wherein frequency error pro-
cessor measures the frequency error to an accuracy of a partial
cycle at the demodulation frequency.

12. The receiver of claim 1, wherein the demodulation
frequency 1s an intermediate frequency.

13. The receiver of claim 1, wherein the demodulator 1s a
phase lock loop (PLL) type demodulator, and the frequency
error processor determines the frequency error from a control
signal generated by the PLL type demodulator.

14. The receiver of claim 1, further comprising;:

a third oscillator having a lower accuracy than the first
oscillator, the third oscillator generating a third fre-
quency conversion signal; and

a third frequency converter responsive to the third fre-
quency conversion signal to further down-convert the
frequency of the recerved signal during normal recerve
operation and to further down-convert the frequency of
the local calibration signal during calibration process-
Ing,

wherein the frequency error determined by the frequency
€rror processor 1s a composite frequency error resulting
from frequency errors caused by the second and third
oscillators, and wherein the reference signal generator
adjusts the frequency of the first frequency conversion
signal used during normal receive operation to compen-
sate for the composite frequency error.

15. The receiver of claim 1, wherein the second oscillator 1s

un-calibrated.

16. In a recerver employing a reference oscillator and a
lower accuracy oscillator, a method for calibrating oscillator
frequency to compensate for a frequency error caused by the
lower accuracy oscillator, comprising:

(a) 1solating the recerver from external signals by opening

a first switch between an antenna and the receiver during
calibration processing;

(b) generating a local calibration signal from a harmonic of
a reference frequency signal supplied by the reference
oscillator and supplying the local calibration signal to
the recerver via a path including a second switch that 1s
closed during calibration processing;

(¢) down-converting the frequency of the local calibration
signal generated from the reference frequency signal
using a first frequency conversion signal also generated
from the reference frequency signal;

(d) further down-converting the frequency of the local cali-
bration signal 1n accordance with a second frequency
conversion signal generated by the lower accuracy oscil-
lator;
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(¢) measuring the frequency error from the local calibra-

tion signal at a demodulation frequency; and

(1) adjusting a frequency of the first frequency conversion

signal used for subsequent reception of external signals
to compensate for the frequency error caused by the
lower accuracy oscillator.

17. The method of claim 16, wherein (¢) includes down-
converting the frequency of the local calibration signal using
a first frequency conversion signal having a frequency such
that the frequency of the down-converted local calibration
signal 1s centered 1n an intermediate frequency (IF) passband.

18. The method of claim 1, wherein (a) includes discon-
necting an antenna from the receiver.

19. The method of claim 16, wherein (a) includes de-tuning
an RF amplifier of the recetver to a frequency ditfferent from
the frequency of the local calibration signal.

20. The method of claim 16, wherein the demodulation
frequency 1s a baseband frequency.

21. The method of claim 16, wherein (e) includes deter-
mimng the frequency error from inphase (I) and quadrature
(Q) samples of the local calibration signal.

22. The method of claim 21, wherein (e) includes deter-
mimng the magnitude of the frequency error from a rate of
phase rotation computed from the arctangent of (Q/I), and
determining a sign of the frequency error from a direction of
phase rotation.
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23. The method of claim 16, wherein (e) includes deter-
mining the frequency error to an accuracy of a partial cycle at
the demodulation frequency.

24. The method of claim 16, wherein the demodulation
frequency 1s an intermediate frequency.

25. The method of claim 16, wherein (e) includes deter-
mining the frequency error from a control signal generated by
a phase lock loop (PLL) type demodulator.

26. The method of claim 16, further comprising:

(g) further down-converting the frequency of the local cali-
bration signal 1n accordance with a third frequency con-
version signal generated by a second lower accuracy

oscillator;

wherein (e) includes determining the frequency error that
1s a composite frequency error resulting from frequency
errors caused by the lower accuracy oscillator and the
second lower accuracy oscillator, and wherein (1)
includes adjusting the frequency of the first frequency
conversion signal to compensate for the composite 1re-
quency error.

27. The method of claim 16, wherein the second oscillator
remains un-calibrated.
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